force field has been derived for monochloro-and 2,4-dichloro-hydrocarbons. The Snyder-Schachtschneider force field for hydrocarbons was used as a starting point, the constants associated with the secondary chlorine being determined from an assignment of the gas phase spectrum of 2-chloropropane and the carbon-chlorine stretching frequencies of the three isomers of 2-chlorobutsne.
Fig. 1. Conformations of secondary ohlorides and empirically
determined carbon-chlorine stretching frequencies.
which are specific to each conformation. Or it might result from a combination of these factors. We have examined the first of these possibilities, attempting to derive a force field which contains no dominant conformation-dependent potential energy terms. It appears that this is possible to a good approximation for monochloroand 2,4-dichloro-hydrocarbons, which are the systems which we have investigated.
DERIVATION OF THE FORCE FIELD
Our approach to the derivation of a force field for secondary chlorides was the following. A very satisfactory valence force field has been determined for saturated hydrocarbons [S] , based on the refinement of 308 observedfrequenciesin 17 molecules. The force constants in this potential function were transferred, where applicable, to the chlorinated hydrocarbons, some minor interaction constants being dropped. Another set of force constants for primary chlorides was available [7] , which required only a few additional constants to make it suitable for secondary chlorides. This combined set of force constants was used to fit all of the frequencies of 2-chloropropane and the carbon-chlorine stretching frequencies of the three conformations of 2-chlorobutane, adjustments being made only in some of the chlorine constants.
The force field was then tested on various monochloro-and dichloro-hydrocarbons to determine if it was transferable and therefore acceptable as a satisfactory potential function for secondary chlorides. Torsion coordinates were not included in these calculations primarily because no experimental data are available on such frequencies in secondary chlorides. A model calculation using a torsion constant which gave calculated torsion frequencies of about 200 cm-l, approximately the value in propane (81, showed that the torsion coordinates interact only very weakly with the carbonchlorine stretching coordinate: the carbon-chlorine stretching frequency is shifted by only 2 cm-l. We felt, therefore, that the conclusions concerning the conformation dependence of the carbon-chlorine stretching frequency would not be signiflcantly affected by the exclusion of torsion angles.
Assignments fvr 2-chloropropane
In order to use 2-chloropropane in the refinement procedure for the force constants involving the chlorine atom, it was necessary to have correct assignments for the vibrational bands. This was done by comparison of the spectrum with that of propane, and by study of the gas phase band contours.
The molecule of 2-chloropropane is illustrated in Fig. 2 . Its gas phase spectrum is shown in Fig. 3 . The shape of an absorption band in the gas phase spectrum of an asymmetric top molecule depends upon the orientation of the corresponding vibrational dipole moment with respect to the axes of the principal moments of inertia of the molecule [9] . If the changing dipole moment is parallel to the axis of least moment of inertia then the absorption band will have a strong central maximum with two weaker maxima on either side. This is also true if the changing dipole moment is parallel to the axis of greatest moment of inertia, so long as the molecule is not close to being a symmetric top. On the other hand, if the changing dipole moment is parallel to the axis of intermediate moment of inertia the central maximum will be absent from the absorption band. The moments of inertia of 2-chloropropane were calculated using the following constants: mu = 1 amu, m, = 12 amu, mcl = 35 amu, r(CH) = 1.09 A, T(CC) = 1.54d, r(CC1) ZZ 1.795 A, all angles tetrahedral.
They were found to be 62.33, 109.3 and 155.2 amu-A2, the principal axes corresponding to the greatest and least moments of inertia being located in the symmetry plane of the molecule while the axis corresponding to the intermediate moment is perpendicular to this plane. This fortunate circumstance thus permits the band shape to be used to identify the symmetry type of the corresponding vibrational mode.
A quantitative characterization of the expected band shape is also possible by determining the separation of the outer maxima in the two band types considered above [lo] .
Such calculations lead to the prediction that bands with a central maximum will have outer maxima separated by about 20 cm-l, while bands without a central maximum will have the outer maxima separated by about 10 cm-l.
Absorption bands with the above characteristics are indeed identifiable in the spectrum. Thus, bands in the gas phase spectrum centered at 421, 630, 887, 1066, 1163 , and 1269 cm-l can be assigned unambiguously to modes which are symmetric with respect to the symmetry plane (the plane of the CHCl group), while bands at 930 and 1130 cm-l can be assigned to antisymmetric modes. In several other cases band overlap occurs, but a sorting out based on the predicted separation of the maxima, as well as on the location of the liquid phase peaks (see Table 3 ), seems feasible.
Thus, in the low frequency region the observed band contour can be accounted for by a symmetric band centered at 335 cm-l plus an antisymmetricband centered at 324 cm-l.
The group of bands near 1325 cm-l is best fitted by a symmetric band centered near 1315 cm-l and an antisymmetric band centered at 1330 cm-l.
The band contour near 1375 cm-i is very satisfactorily accounted for by a symmetric band centered at 1392 cm-l and an antisymmetric band centered at 1378 cm-l.
The general nature of the mode associated with a given band is determinable on the basis of the assignments for propane [8] . Thus the 2-chloropropane band at 421 cm-l can be correlated with the CCC bending mode of propane observed at 375 cm-l. The 630 cm-l band is obviously the carbon-chlorine stretching mode [2] . The symmetric CC stretching mode occurs in propane at 868 cm-l, and the 887 cm-l band of 2-chloropropane is therefore most reasonably associated with this vibration. In propane a band at 921 cm-r is assigned to the antisymmetric CCH bending mode of the two methyl groups ; a comparable assignment to the antisymmetric band in 2-chloropropane at 930 cm-l is indicated. The totally symmetric methyl CCH bending mode in propane is located at 1157 cm-l, which suggests such an assignment for the 1163 cm-l band of 2-chloropropane. Two major modes for which the frequency correspondence is not so close are : (a) the B, methyl CCH bending vibration of propane at 1187 cm-l, which would be a symmetric vibration in 2-chloropropane, and (b) the B, antisymmetric CC stretching mode of propane at 1052 cm-l, which would also be antisymmetric in 2-chloropropane. On the basis of band symmetries we assign these modes to the 2-chloropropane bands at 106.5 and 1130 cm-l respectively. The very large difference in frequency in the first case may not be unexpected, since in propane this vibration has a large contribution from CH, rocking [8] , which disappears in 2-chloropropane. A similar disparity in contributions from various internal coordinates could account for the difference in the antisymmetric CC stretching frequencies (see Table 3 ). The internal symmetric methyl bending modes of propane at 1389 cm-l (A,) and 1370 cm-l (B,) have their counterparts (with appropriate symmetry) in the 2-chloropropane bands at 1392 and 1378 cm-l respectively. The assignment of the strong symmetric band of 2-chloropropane at 1269 cm-l to a movement of the H atom of the CHCl group in the symmetry plane is now indicated, as is the assignment of the 1330 cm-l band to the motion of this H atom perpendicular to the symmetry plane (the analogous CH, wagging mode of propane occurs at 1331 cm-l).
Since the hydrocarbon portion of our potential function was transferred without modification from the earlier work [6], we expect the corresponding calculated normal modes of 2-chloropropane to fit in with the assignments arrived at above from the experimental data. As we shall see this is indeed the case. The assignments of the remaining bands to motions within the carbon-chlorine portion of the molecule should then provide guidelines for refining those additional force constants associated with this group.
Assignments for 2-chlorobutane
Since 2-chlorobutane exists as a mixture of three conformational isomers, S Sun* HH> and S,, [2] , an analysis of its spectrum comparable to that done above for 2-chloropropane was not feasible. However, the three carbon-chlorine stretching vibrations are convincingly known [2] , and could be used in the refinement procedure. They are, for the liquid: S,,-607 cm-l, Sun,-627 cm-l, SCH-670 cm-l. It might be remarked here that these frequencies vary somewhat with the phase of the specimen, probably mainly as a result of differential environmental effects, although in some cases possibly due to small changes in internal geometry. We have chosen the liquid state frequencies as our standard ones, primarily because most molecules were studied in this state. The force field was determined through normal coordinate calculations on 2-chloropropane and 2-chlorobutane combined with a study of possibly pertinent elements of the Jacobian matrix. This is a matrix whose elements are the derivatives of the frequencies with respect to the force constants [ll] . Using the elements of 
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WI. c,. cr, the Jacobian as a guide, five force constants were either added or modified in the set based on the hydrocarbon [6] and primary chloride [7] constants. These modifications, although implying a choice of force field, were straightforward enough so that use of a least squares procedure did not seem warranted.
[ The fhial set of force constants is shown in Table 1 . The notation is explained by the following examples : The other constants are defined in a similar manner. The fist 23 constants in Table 1 were transferred unaltered from the set for saturated hydrocarbons [S] ; the remainder, other than Fxm, were transferred from the set for the primary chlorides [7] (o corresponds to the coordinate W in Fig. 2 ). Jacobian elements were computed for the carbon-chlorine stretching frequencies for about 25 force constants. The force constants which most influenced the splittings between the Snn, Sun , and Scu frequencies were K,, Fxe, Fxe, F,,, Fx, and FBX (Fx, and Fxa, are zero for primary chlorides). It was found that F,, and Fx+ were most effective in this regard, F,, being much more influential than Fx+. Since using the latter to fit the carbon-chlorine stretching frequencies was found to mar somewhat the agreement at higher frequencies, it was decided to leave this constant at zero and use only F,,. The optimum value of -0.220 found for F,, necessitated slight modifications in Kx (raising it by 0.2) and in KRx (raising it by 0.3). The constant H, was decreased from its value of 0.676 in the primary chlorides in order to give agreement with the assignments of the C(X)-H bending modes of 2-chloropropane, and FRx was modified from its value of 0.101 for hydrocarbons in order to obtain better agreement for the CC stretching modes of 2chloropropane.
&adt8 for 2-ddoropropane and 2-chlorobutane
The normal coordinate calculations were done using the Wilson GCF matrix method [ 121 and the Taylor symmetrization procedure [ 131, and were performed on an McGraw-Hill (1955).
[13] W. J. TAYLOR, J.Chem. Phya.18, 1301 Phya.18, (1960 .
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IBM 7090 computer. The calculation of atomic motions followed the method of HTJNZIKER [14] .
The 2-chloropropane molecule with its internal coordinates has been given in Fig. 2 . The symmetry coordinates used in the calculations are given in Table 2 . The calculated frequencies, symmetries and potential energy distributions are given in Table 3 , and compared with observed liquid phase frequencies and gas phase band symmetries.
Only contributions to the potential energy which are A, = 2a, -a, -a8 + %a, -a4 -a, B1= 3% -I% -Pa + 284 -B4 -86 U~=a1+a,+a,-_~,-_~-_~+a4+a,+a,- greater than 10 per cent have been included. The CH stretching frequencies, although calculated and giving good agreement, have been omitted from this and subsequent tables since they were not used in the analyses. It will be seen that the agreement between observed and calculated frequencies is reasonably good, the average deviation between observed and calculated frequencies in the range of 600-1500 cm-l being about 0.5 per cent (frequencies below 600 cm-l might be expected to deviate more because of the exclusion of the torsion coordinates in the calculation).
The 2-chlorobutane molecule with its internal coordinates is shown in Fig. 4 . The coordinates used in the calculations are listed in Table 4 . In Table 5 are given the calculated frequencies and potential energy distributions for the three conformations of this molecule.
A detailed comparison of observed and calculated frequencies is difficult because of the presence of the three isomers in the liquid. However, it can be readily seen that the carbon-chlorine stretching frequencies are satisfactorily accounted for in the three structures by our force field. A possible correlation with observed bands may be feasible by examining the effect of decreasing temperature on the spectrum, since this would be expected to favor the concentration Table 2 for d&&ion of ooordlnatea.
Fig. 4. Molecule of 2-chlorobutane with interxxd coordinates.
of one isomer. In Table 6 are listed the observed frequencies of liquid 2-chlorobutane [2], together with the effect of decreasing temperature on the relative intensities of the bands [15] (in this case after cooling for several hours with liquid nitrogen, without freezing of the sample). It will be seen that, judging from the carbonchlorine stretching frequencies, the X,, conformation is favored at lower temperature. We have therefore tried to assign those bands which remain intense at low temperature 213  313  376  464  611  776  643  968  1004  1022  1039  1109  1166  1232  1263  1291  1362  1373  1390  1460  1460  1460  1461 ( Particular attention was given to molecules whose conformation was unambiguous, and to the ability of the force field to predict the carbon-chlorine stretching frequencies.
Monochlorohydrocarbos
Application of the force field to linear monochlorohydrocarbons of known structure gave satisfactory results. Thus, for the Sun conformation of 3-chloropentane, whose spectrum can be identified since only this isomer is present in the solid state [5] , the calculated carbon-chlorine stretching frequency was 610 cm-l while the observed band is found st 606 cm-l [5] . Good agreement is also obtained for the other modes of this molecule. (Detailed assignments for 3-chloropentane will be discussed in a subsequent paper.)
In order to examine the predictive ability of the force field for conformations other than those from which it was derived, the normal modes of the two conformational isomers of monochlorocyclohexane were calculated.
In the axial form of this molecule the chlorine conformation is Su,,, whereas in the equatorial form the conformation is See. Experimental studies of the spectrum of this molecule [4] permit the isolation of the equatorial form in the solid state and, by difference from the liquid state spectrum, the identification of some of the bands of the axial form. A comparison between observed and calculated frequencies is given in Table 7 , which incorporates the above information as well as some intensity and Raman polarization data in order to make assignments. It will be seen that, other than in the 1300-1600 cm-r region where much overlap occurs and detailed comparisons are therefore difficult, the observed bands are well accounted for. This is not only true for the carbon-chlorine stretching vibrations, but selective agreement is evident elsewhere in the spectrum.
For the suggested assignments the average deviation in the range of 600-1300 cm-l is about 0.8 per cent for both conformations. We might note incidentally that although the carbon-chlorine stretching mode of the axial form was assigned to the band at 683 cm-l [4], the 557 cm-l band is more justifiably given this designation on the basis of the potential energy distributions in these modes. The larger intensity of the latter band supports this conclusion. In fact, of course, the calculations indicate thst the S,.,. conformation should really be considered to have two characteristic "carbon-chlorine stretching frequencies" associated with it, in distinction to the single frequencies associated with the other conformations.
2,4-dichlorohydrocarbons
The force field was also applied to hydrocarbons with chlorine atoms in a 2,4 position, i.e., separated by a CR, group. The aim here was to see if the interactions which lead to frequency splittings would be satisfactorily reproduced. The molecules chosen for this test were the dl and meso 2,4dichloropentanes, since the liquid form of each contains essentially one stable conformation [15, 161. The dl form of 2,4dichloropentane is shown in Fig. 6 , with its intermd coordinates.
This is the most stable conformation in the liquid [16] . It is designated TT, for the trams arrangement of carbon-carbon bonds across both R2 and R3. The symmetry coordinates for this structure, which has C, symmetry, are given in Table 8 . (a, e) = Bands oommon to both isomers. dp = Depolarized Raman band. The TT conformation of me.so 2,4dichloropentane has C, symmetry, so that the coordinates of Table 8 can be used in this case with the A' coordinates corresponding to the A and the A" coordinates to the B, except that the r and t coordinates exchange places. The stable conformation of meso 2,4dichloropentane is the TG form [16] (G = gauche), and our calculations were done for this structure.
The comparisons between observed [16, 161 and calculated frequencies for these Table 10 . Observed and calculeted frequencies and potential energy distributions of TB conformation of me80 2,4-dichloropentam atom attached to the chlorine and the two carbon atoms on either side of this carbon atom all partake significantly in the motion during this vibration. We should really designate the four-atom group C-C(Cl)-C as the "group" involved in this frequency. It should therefore not be surprising that when two such "groups" are joined together, as they are in 2,4dichloropentane, the characteristic frequency is significantly affected by their mechanical coupling. Furthermore, this coupling 'HH SHH' SC, will be a function of geometry (i.e., conformation) since the detailed atomic motions reflect the location of the next-nearest-neighbor carbon atoms (see Fig. 6 ).
CONCLuSIONS
We have developed a force field for secondary chlorides based on the extension of existing force fields for hydrocarbons and primary chlorides and based on the premise that the empirically observed conformation dependence of the carbonchlorine stretching frequencies arises predominantly through changes in the G matrix. The results of testing this force field on several independent molecules lead us to believe that the latter assumption is a valid one. We of course recognize that this force field may not be the last word on the subject: Questions of uniqueness always exist, torsion coordinates must be included, and refinement to tetrahedral geometry may present problems [17] . However, the generally good agreement between observed and calculated frequencies for the molecules considered indicates to us that the proposed force field is a good one, that eventual refinement will probably be minor, and that it is presently useful and reliable in investigating conformational questions involving secondary chlorides not containing 1,2&chloro structures. We have applied it successfully to the analysis of the spectrum of poly(viny1 chloride), which will be reported on later.
